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The chip, developed by Mitsubishi Heavy Industries Ltd. and Japan's Institute of Space Astronautical Science, comprises a 32-bit processor with a floating-point unit (for numerical operations), and an interface configured for the spacecraft communications network SpaceWire. It achieves a computational speed of 100 mega-instructions per second (MIPS), using less than 1W. The chip is tough, constructed from a commercial hardened silicon-on-insulator (SOI) substrate, which ensures reliability but is also more affordable than some of the specialized SOI materials used in other space chips.
Microprocessors for space applications demonstrate everincreasing speed, yet their performance remains far slower than that of chips used on earth. 1 Achieving 100+ MIPS using less than 1W reduces the energy available for carrying one-bit information. This increases the chip's sensitivity to noise, including high-energy particles such as cosmic rays. In silicon technologies, charged particles that penetrate the chip's substrate create electrons and holes (noise carriers) along their tracks. These intrude into the surface circuit region and lead to malfunctions. As a result, the development of defenses against radiation damage has been a major challenge in producing devices for use in the harsh environment of space. Historically, developers have used SOI structures combining a radiation sensor and an intelligent, large-scale integrated circuit on a monolithic chip to reduce scattering and increase pixel size. 2 But these devices remain sensitive to noise, 3 therefore we need to carefully tailor SOI devices and circuit structures to maximize the benefits of the technology.
In an SOI structure, an insulator-namely a buried oxide layer just beneath the circuit-prevents the entrance of noise carriers. However, the insulator also prevents the escape of this charge from the top circuit layer, resulting in noise signal amplification. 4 The buried oxide reduces the size of capacitors connected to the circuits. This increases the operation speed, but at the same time increases sensitivity to noise signals.
To mitigate these undesired effects, we conducted numerical and circuit-level simulations of the effects of radiation on SOI devices, to consider how best to optimize them. For our model we used a commercially available 0.2 m SOI chip. The device is based on a fully depleted structure, where the silicon layer atop the buried oxide is very thin, and generates limited leakage current. The technology generally exhibits lower noise amplification, and uses less power than other comparable structures. We considered using the body-tie (BT) technique, an electrode design that provides an 'escape hatch' for the charge stored in the top surface layer. We also examined the use of two resistorcapacitor (RC) filters, to compensate for the anticipated reduction in capacitance, which would, theoretically, slow operation.
Having selected the RC option, however, we were able to minimize the signal delay to Ä 30%, due to the noise level reduction using the BT technique. We successfully reduced the radiation sensitivity of the static random access memory (SRAM): the circuit most sensitive to irradiation (see Figure 2) . For a 4Mb SRAM installed on equipment in geostationary orbit, the estimated error rate was 3.1 10 7 per device per day. 5 We plan to launch the chip on satellites soon. For future space missions, with advanced information and communication systems, we are developing a radiation-hardened analog-circuit clock generator (which produces a timing signal to synchronize the circuit's operation) to increase the chip's computation speed.
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Figure 2. Radiation sensitivities of static random access memory circuits (SRAMs). Radiation strikes can upset bit data stored in the circuits. We can measure probabilities or cross sections of such events for ions with various linear energy transfers (LETs
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